Macrosomia is one of the most common perinatal complications of pregnancy and has life-long health implications for the infant. microRNAs (miRNAs) have been identified to regulate placental development, yet the role of miRNAs in macrosomia remains poorly understood. Here we investigated the role of miR-17-92 cluster in macrosomia. The expression levels of five miRNAs in miR-17-92 cluster were significantly elevated in placentas of macrosomia, which may due to the upregulation of miRNA-processing enzyme Drosha and Dicer. Cell cycle pathway was identified to be the most relevant pathways regulated by miR-17-92 cluster miRNAs. Importantly, miR-17-92 cluster increased proliferation, attenuated cell apoptosis and accelerated cells entering S phase by targeting SMAD4 and RB1 in HTR8/SVneo cells. Furthermore, we found that expression of miR-17-92 cluster in serum had a high diagnostic sensitivity and specificity for macrosomia (AUC: 80.53%; sensitivity: 82.61%; specificity: 69.57%). Our results suggested that miR-17-92 cluster contribute to macrosomia development by targeting regulators of cell cycle pathway. Our findings not only provide a novel insight into the molecular mechanisms of macrosomia, but also the clinical value of miR-17-92 cluster as a predictive biomarker for macrosomia.
. As an important interface between the fetal and maternal environments, placenta mediates the efficient maternal-to-fetal transfer of gases, nutrients and waste products. The development of placenta depends on proper regulation of trophoblast proliferation, differentiation and invasion 8 . Studies have found that fetal growth is closely related to placental development 9 . In diabetic pregnancy, placental weight is higher compared with normal pregnancy 10 . Numbers of syncytiotrophoblast nuclei, syncytial knots, and fibrinoid necrosis were also increased in placentas of macrosomia 11 . Dysregulation of trophoblast proliferation may contribute to abnormal growth of placenta 12 . However, the molecular mechanisms of its regulation are largely unknown. microRNAs (miRNAs) are small endogenous noncoding RNAs, processed through a series of sequential steps involving the enzymes Drosha and Dicer. miRNAs act as post-transcriptional regulators of gene expression through translation inhibiting or degradation by base-pairing to the 3′ -untranslated region 13 . Accumulating evidence suggested that miRNAs participate in various biological mechanisms by negatively regulating their mRNA targets 13, 14 . It has been shown that miRNAs are abundantly expressed in placenta, and contribute to regulating placental development 15 . Dysregulated miRNAs expression in placenta have been associated with a variety of pregnancy complications, such as preeclampsia (PE) 16 , fetal growth restriction 17 , preterm birth 18 and macrosomia 19 . Human miR-17-92 cluster located at 13q31.3, comprising six miRNAs: miR-17, miR-18a, miR-19a, miR-19b, miR-20a and miR-92a. Previous study has shown that miRNAs in miR-17-92 cluster plays play an important role in cell cycle progression, proliferation, apoptosis, invasion and migration 20 . Meanwhile, dysregulation of miRNA-17-92 cluster in placentas might also be responsible for various pregnancy diseases (e.g. PE 21 , early pregnancy loss 22 ). In the present study, we explored the expression of miR-17-92 cluster in placentas and maternal serum of macrosomia and normal controls. Furthermore, the role of miR-17-92 cluster in proliferation, apoptosis and cell cycle were also investigated in HTR8/SVneo cells. Our results suggest that expression levels of miR-18a, miR-19a, miR-20a, miR-19b and miR-92a were significantly higher in placentas of macrosomia, and elevated expression of miR-17-92 increased HTR8/ SVneo cells proliferation, attenuated cell apoptosis and accelerated cells entering S phase. miR-17-92 cluster miRNAs contribute to macrosomia development by targeting regulators of cell cycle pathway. Notably, miR-17-92 cluster may be a potential biomarker for the diagnosis of macrosomia.
Results
Clinical data. Study population characteristics are described in Additional file 1. The birth weight was significantly higher in neonates with macrosomia than that in normal controls, while pre-pregnant body mass index was significantly lower in group of macrosomia. No significant difference was observed between neonates with macrosomia and normal controls with regard to maternal age, gestation weeks, weight gain during pregnancy and infant gender distribution.
Expression of miR-17-92 cluster in placentas.
The expression levels of miR-17-92 cluster miRNAs in placentas of 100 normal controls and 57 neonates with macrosomia were examined using quantitative RT-PCR (qRT-PCR). As shown in Fig. 1 , miR-18a, miR-19a, miR-20a, miR-19b and miR-92a were significantly increased in neonates with macrosomia compared with normal controls (Fig. 1) . However, no significant difference was found in the expression level of miR-17 between two groups.
Identification of the target genes and pathways of miR-17-92 cluster. To further understand the potential role of the cluster miRNAs (miR-18a, miR-19a, miR-20a, miR-19b and miR-92a), we performed the enrichment analysis using the Gene Ontology (GO) and KEGG pathway analysis. GO terms were grouped into three categories: biological process, molecular function and cellular component. Enriched common biological pathways included cell cycle, ribosome, prostate cancer, bladder cancer, Wnt signaling pathway, and so on. Of note, cell cycle pathway included the largest numbers of targets gene and the smallest P value (Fig. 2) . Detailed information of miR-17-92 target genes in cell cycle pathway were listed in Additional file 2. Increased expression levels of miR-17-92 cluster miRNAs were confirmed by qRT-PCR when transfected into HTR8/SVneo cells. The introduction of miR-17-92 mimics dramatically increased the expression of endogenous miR-18a, miR-19a, miR-19b, miR-20a and miR-92a in HTR8/ SVneo cells, and the inhibitors significantly decreased the expression of these miRNAs (Additional file 3). To identify the potential target genes of miR-17-92 cluster, we analyzed the mRNA expression of all the 35 target genes in cell cycle pathway. Six genes (SMAD4, SMAD3, CDKN1A, RB1, MAD1L1 and EP300) were significantly down-regulated in miR-17-92 mimics-transfected cells and up-regulated in miR-17-92 inhibitors-transfected cells (Additional file 4). Since miRNAs function by suppressing the expression of their target genes, these critical cell cycle regulators were further examined in placentas. Expression levels of SMAD4, SMAD3, RB1 and EP300 genes were significantly decreased in placentas of neonates with macrosomia compared with those of controls (Additional file 5). Furthermore, Western-blot analysis revealed that protein expression levels of SMAD4 and RB1 were appreciably lower in miR-17-92 mimics-transfected HTR8/SVneo cells and higher in miR-17-92 inhibitors-transfected cells. However, SMAD3 and EP300 levels did not shown any significant difference (Fig. 3) . In addition, protein expression levels of SMAD4 and RB1 in macrosomia placentas were also lower than that in controls, indicating that SMAD4 and RB1 may play important roles in macrosomia (Additional file 5). Targeting SMAD4 and RB1 by miR-17-92 cluster in HTR8/SVneo cells. To determine how miR-17-92 regulates SMAD4 and RB1 expression, we employed luciferase reporter assays in which the activity of the luciferase gene fused to 3′ -UTR of SMAD4, SMAD3, RB1 and EP300 (Fig. 4) . As shown in Fig. 4B , Figure 1 . miR-17-92 cluster miRNAs were up-regulated in placenta tissues of macrosomia. Expression levels of miR-17, miR-18a, miR-19a, miR-19b, miR-20a and miR-92a were analyzed by qRT-PCR in placentas of macrosomia infants (n = 57) and controls (n = 100), and normalized to RNU6B. *P < 0.05; compared with the controls. luciferase reporter activities obviously decreased when HEK 293 T cells were cotransfected with the miR-17-92 cluster mix, miR-19a, miR-19b and miR-20a and pGL3-SMAD4, and also attenuated when HEK 293 T cells were cotransfected with the miR-17-92 cluster mix, miR-20a and RB1 construct (Fig. 4) .
Unexpectedly, despite the bioinformatics prediction, there were no significant changes in the expression of luciferase reporter activities in HEK 293 T cells cotransfected with the miR-17-92 cluster and pGL3-SMAD3 or pGL3-EP300 (Fig. 4) . These data implied that miR-19a and miR-19b may regulate SMAD4 protein together, while miR-20a may regulate SMAD4 and RB1 protein by directly binding to the 3′ -UTR region of these target genes.
Functional effects of miR-17-92 cluster on proliferation, apoptosis and cell cycle in HTR8/ SVneo cells. CCK-8 and EdU assays were performed to estimate the effects of miR-17-92 cluster on HTR8/SVneo cells proliferation. CCK-8 and EdU assays both showed that the proliferation was significantly increased in HTR8/SVneo cells transfected with miR-17-92 mimics compared to controls, whereas decreased in inhibitors at 48 h (Fig. 5) .
Next we investigated whether miR-17-92 had an effect on apoptosis of HTR8/SVneo cells. Inhibition of miR-17-92 significantly increased the apoptosis compared with the negative control ( Fig. 6 ), while up-regulation of miR-17-92 inhibited this process, though not statistically significant.
Furthermore, cell cycle analysis showed that ectopic expressions of miR-17-92 cluster miRNAs decreased the proportion of HTR8/SVneo cells in the G0/G1. More cells entered S phase after introducing miR-17-92 cluster miRNAs. Meanwhile, inhibitors caused the arrest of cells in G0/G1 phase (Fig. 7) , suggesting that miR-17-92 cluster was involved in the regulation of cell cycle progression in HTR8/ SVneo cells.
Expression of Drosha and Dicer in placentas.
Since Drosha and Dicer are essential for the processing of miRNAs, we proposed whether Drosha and Dicer were responsible for the aberrant expression of miR-17-92 cluster miRNAs in macrosomia. We examined the expression levels of Drosha and Dicer in placentas of the two groups. The result showed that their expression levels were significantly elevated in placentas of neonates with macrosomia compared with normal controls (Additional file 6).
Expression of serum miR-17-92 cluster and its potential diagnosis value for macrosomia. We found that all the six miRNAs of miR-17-92 cluster were expressed in maternal serum. The expression levels of miR-17, miR-18a, miR-19a and miR-92a were significantly lower in neonates with macrosomia than in normal controls (Additional file 7). To evaluate the diagnostic value of the miR-17-92 cluster miRNAs in maternal serum, we performed a risk scoring procedure on their data sets. The distribution of miR-17-92 cluster miRNAs expression levels and risk scores of the all combined subjects are shown in Fig. 8 . It can be noted that macrosomia tended to have lower expression levels of the miR-17-92 cluster miRNAs (Fig. 8) . By using the 95% reference interval of each miRNA expression value as a risk score, we constructed the receiver operating characteristic (ROC) curves and calculated the Area Under the ROC Curve (AUC) to assess the sensitivity and specificity for prediction. As depicted in Fig. 8 , when the six miR-17-92 cluster miRNAs were utilized to separate the control and macrosomia groups, the AUC was 80.53% (sensitivity: 82.61%; specificity: 69.57%) (Fig. 8 ). The overall model of miR-17-92 cluster miRNAs mediated macrosomia is shown in Fig. 9 .
Discussion
Recent studies have suggested that many miRNAs regulate trophoblast cell proliferation and apoptosis during placental development, and their abnormal expressions are associated with defective placentation 23, 24 . Mutation of the miR-17-92 cluster in mice resulted in smaller mouse embryos and postnatal death 25 . A previous study has identified that miR-17 and miR-19b were down regulated in early pregnancy loss 22 . Additionally, high expression levels of miRNA-17 family miRNAs have been reported in placentas complicated by PE compared with healthy pregnancies 26 . The down-regulation of miR-92a in gestational diabetes mellitus placentas was also identified by another group 27 . In the current study, we focused on miR-17-92 cluster to determine if they were similarly disrupted in placental dysregulation of macrosomia. The results showed that five miRNAs in miR-17-92 cluster (miR-18a, miR-19a, miR-19b, miR-20a and miR-92a) were significantly higher in placentas of macrosomia.
In the process of miRNA genesis, two members of the double-stranded RNA-specific endonuclease family, Drosha and Dicer, convert precursor forms of microRNAs into their mature forms using a stepwise process collaboratively. Our study indicated that Drosha and Dicer were up-regulated in pregnancies compromised by marosomia. Therefore, it is postulated that dysregulated miR-17-92 cluster may participate in the onset of the disease, and the up-regulated Drosha and Dicer enhanced the processing of miR-17-92 cluster genesis. miR-17-92 cluster has been identified as an oncogenic RNA cluster, and its anti-apoptotic and proliferative effects were well investigated in many cancers 28, 29 . Cytotrophoblasts share properties with tumor cells in rapid proliferation, invade maternal blood vessels and acquisition of a rich blood supply 30 . We postulated that aberrant proliferation of cytotrophoblasts may supply the excess nutrients that actually needed by the fetus exceedingly, leading to fetal macrosomia. Previous studies have reported that increased proliferation and decreased apoptosis were observed in villous part of diabetic placentas 12 . In addition, high expression levels of miR-17-92 cluster miRNAs were found to promote human cytotrophoblasts proliferation 31 . However, the role of miR-17-92 cluster in macrosomia remains poorly understood. In this study, exogenetic expression of miR-17-92 cluster increased proliferation, attenuation cell apoptosis, and enhanced cell cycle progression in HTR8/SVneo cells, which support the previous hypothesis.
The bioinformatics analysis predicted that miR-17-92 cluster may target cell cycle pathway, by which miRNAs control cell proliferation 32 . qRT-PCR and Western-blot showed a reduction in both SMAD4 and RB1 expression in the presence of miR-17-92 overexpression. Moreover, luciferase activity assay confirmed that miR-19a and miR-19b may regulate SMAD4 protein together, while miR-20a may regulate SMAD4 and RB1 protein directly. SMAD4, the key components of TGF-β signaling transduction pathway, was found as the frequently mutated tumor suppressor genes in human tumors. Increased expression level of SMAD4 can induce apoptosis. Phosphorylated Smad2 and Smad3 oligomerize with Smad4 to form the Smad complex, and then translocate to the nucleus and binds nuclear DNA, leading to transcriptional activation of the target gene 33 . Although SMAD4 and SMAD3 have been consistently reported and predicted as the target genes of miR-17-92 cluster 34, 35 , luciferase assay did not showed that miR-17-92 cluster regulated SMAD3 directly. Previous work has shown that SMAD4 was observed in normal villous trophoblast and choriocarcinoma 36 . In addition, another study has demonstrated the role of SMAD4 in the TGF-β 1 pathway contributing to the invasiveness and metastasis of placental choriocarcinoma 37 . Therefore, regulation of SMAD4 by miR-19a, miR-19b and miR-20a may play an important role in the development of macrosomia.
RB1, a nuclear phosphoprotein, act as an inhibitor of cell proliferation, playing an important role in regulating apoptosis and cell cycle. The biological function of RB1 is mediated by interacting with transcription factors, p53 and MDM2 38 . Reduction of RB1 expression in the mouse resulted in excessive proliferation of trophoblast cells and a severe disruption of the normal labyrinth architecture in the placenta 39 . Furthermore, increased RB1 expression has been indicated to reduce trophoblast proliferation in fetal growth restriction 40 . We here demonstrated that miR-20a repressed the expression of RB1 directly. The suppression of RB1 may partly cause the excessive trophoblast proliferation in macrosomia.
Interactions between signaling pathways and miRNAs are complex. Besides cell cycle pathway, miR-17-92 cluster miRNAs have been found to regulate several other pathways, such as prostate cancer, bladder cancer, Wnt signaling pathway. The members of miR-17-92 cluster have been recognized to function in a cooperative and additive manner amongst others in the regulation of the target genes. Therefore, further studies about interactions between miRNAs and pathways involved in should be taken into consideration to clarify the miRNA regulating mechanisms of macrosomia.
Recently, it has been shown that circulating fetal nucleic acids in maternal serum and plasma might serve as biomarkers for noninvasive prenatal diagnosis 41 . miRNAs can be released into the circulation in apoptotic bodies or exosomes 42 . It would be useful to investigate whether the aberrant expression of miRNAs in placentas of macrosomia are also reflected in maternal serum or plasma. Thus, we examined the expression level of miR-17-92 cluster miRNAs in maternal serum, and found lower expression level of miR-17, miR-18a, miR-19a and miR-92a in the macrosomia pregnant women. To date, several studies examined the role of serum miRNAs in predicting macrosomia [43] [44] [45] . miR-17-92 cluster miRNAs (miR-20a, miR-19a, miR-19b) were found to be down-regulated in miRNA TaqMan Low Density Array analysis, but did not pass in the validation and discovery stage 44 . In addition, miR-18a-5p were confirmed to be down-regulated in plasma from pregnant women with macrosomia, and miR-17-92 cluster was also found to be significantly differentially expressed in macrosomia 45 . These findings indicate that miR-17-92 cluster might be a potential predictive tool for macrosomia. Although higher expression level of miR-17-92 cluster was found in placentas, for serum, the opposite trend was observed. It was also observed that miRNA level in tissue was not completely consistent with that in serum in some placental dysfunctions 44, 46 . Intensive studies have provided evidence that first trimester primary human trophoblasts are capable of secreting the exosome nanovesicles, which are known to contain miRNAs 47, 48 . Thus, although we do not have mechanistic proof for this anticipation, it might be that less apoptosis in the placentas of macrosomia alters exosome-dependent or independent release of miRNAs into the maternal serum. Further mechanistic studies and large sample sizes are needed to prove this assumption. Given that the overall model of miR-17-92 cluster miRNAs could separate well of macrosomia and normal controls, we proposed that combination of miR-17-92 cluster expression may serve as a potential non-invasive biomarker for macrosomia diagnosis.
Our data suggest that aberrantly elevated expression of miR-17-92 cluster miRNAs may contribute to the pathogenesis of macrosomia and that the overall model of miR-17-92 cluster miRNAs in serum may have great potential for the detection and diagnosis of macrosomia. Together, our findings provide a foundation for interpretation of miRNA changes associated with macrosomia and extend the current concepts of macrosomia pathogenesis.
Materials and Methods
Human material samples and ethics. A total of 157 subjects, including 57 with non-diabetes macrosomia and 100 normal birth weight controls who undergoing cesarean section were included from Maternity and Child Health Care Hospitals Affiliated to Nanjing Medical University between January 2013 and December 2013. The diagnosis of macrosomia was defined by birth weight ⩾ 4000 g. The mothers had no diabetes during pregnancy. The tissues were immediately frozen in liquid nitrogen following delivery, and then stored at − 80 °C. About 50 mg tissues were kept in TRIzol for RNA extraction. The study was conducted according to the guidelines laid down in the Declaration of Helsinki and approved by the Ethics Committee of Nanjing Medical University. Written informed consent was obtained from all the pregnant women prior to participation. RNA extraction and quantitative RT-PCR. Total RNA, including miRNA, was extracted from placenta tissues, cell line and maternal serum using TRIzol Reagent (Invitrogen Life Technologies Co, CA, USA) according to manufacturer's instructions. For miR-17-92 cluster detection, 500 ng of total RNA was reverse transcribed to cDNA using PrimeScript ™ RT reagent Kit (Takara Bio, Tokyo, Japan), and RNU6B was analyzed as an internal control. For mRNA detection, reverse transcription was performed using PrimeScript ™ RT Master Mix (Takara Bio, Tokyo, Japan), PCR analysis was then performed using SYBR ® Premix Ex Taq ™ and normalized to the GAPDH according to the manufacturers guidelines. The sequences of primers for PCR are shown in Additional file 8 and Additional file 9.
miRNA targets prediction and pathway enrichment analyses. In order to find out potential target genes of miR-17-92 cluster, we collected the target genes of the involved miRNA members from the miRTarBase database 49 , and then queried for Gene Ontology and KEGG pathway enrichment using CapitalBio ® Molecule Annotation System V3.0.
Cell culture and transfection. The human placenta trophoblast cell line HTR-8/SVneo was cultured in RPMI 1640 media (Hyclone, UT, USA) with 10% fetal bovine serum at 37 °C in an atmosphere containing 5% CO 2 . To analyze the effect of miR-17-92 cluster on related genes expressions, cells were seeded in 24-well plates respectively and incubated overnight. When cells were grown to 80% confluence, mixed miRNA mimics (RiboBio, Guangzhou, China) at a concentration of 50 nM or inhibitors of miR-17-92 cluster components of 100 nM were transfected by using Lipofectamine 2000 (Invitrogen Corp, CA, USA) according to the manufacturers' recommendations. Cells were then harvested for RNA extraction using TRIzol reagent at 48 h.
Protein extraction and Western blot analyses. Total proteins were extracted and quantified using the BCA protein assay kit (Beyotime, China). For Western-blot analysis, equal amounts of total protein were loaded onto 8% SDS-PAGE gel, and subsequently electrotransferred to a nitrocellulose membrane. After blocking with 5% defatted milk in PBS-Tween-20 for 1 h at room temperature, the membranes were incubated with specific primary antibody overnight at 4 °C. After TBST washing, they were incubated with the appropriate secondary antibody at a 1:1000 dilution for 1 h at room temperature. GAPDH was used as an internal control. The protein bands were visualized by Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore), and images were captured using Quantity One software (Bio-Rad). Antibodies to SAMD4, SAMD3, RB1, EP300 and GAPDH were purchased from Abcam. Statistical analysis. All statistical analyses were performed with Stata (Version 9.0, StataCorp LP, TX, USA), and presented with GraphPad Prism software. Results are presented as mean ± standard error of the mean (SEM). Independent sample t-test (two tailed) was used to compare data between two groups. ROC curve analysis was carried out to evaluate the diagnostic effects of macrosomia using serum miRNAs of miR-17-92 cluster. P < 0.05 was considered statistically significant.
